Introduction
The family Acetobacteraceae within the order Rhodospirillales consists of mostly acetic acid bacteria (AAB) that are Gram-negative and obligate aerobic bacteria [1] . These bacteria are known for their inability to oxidize carbohydrates and alcohols completely which leads to accumulation of partially oxidized metabolic products in the growth medium [2] . Their biochemical characteristics make them commercially important for manufacture of vinegar, foods and different chemical compounds [3] .
In addition to AAB, the members of family Acetobacteraceae are widespread in the environment. At the time of writing, there are 39 validly published genera (http://www.bacterio.net/Acetobacteraceae.html) in the family that have been isolated from various sugary, alcoholic or acidic habitats including fermented food, alcoholic beverages [3] , human patient [4] , plants [5] and insects [6] . AAB from genera Gluconobacter, Acetobacter and Asaia have been cultivated from fruit fly Drosophila melanogaster, Bactrocera oleae and mosquito Anopheles stephensi respectively [7] [8] [9] . Notably, a novel AAB genus Bombella was recently isolated from crops of multiple bee species [10, 11] .
It is believed that symbiotic interaction with bacteria is one of the key attributes to remarkable adaptability of insects to wide range of terrestrial habitats. In insects that survive on protein-poor diets such as honeydew and plant sap, the symbiotic bacteria provide amino acids as nutritional support and contribute to fitness of the host [12] . The use of high-throughput sequencing technology revealed a diverse group of AAB constituting insect-associated microbial community. These AAB are known to survive acidic environment in insect guts and tolerate sugar-rich diets of the host [13] . It is also noteworthy that long term symbiosis of these AAB with different insect hosts resulted in significantly reduced size and gene content of their genomes [14, 15] .
The weaver ant Oecophylla smaragdina (Fabricius, 1775) is an obligate arboreal and omnivorous species widespread from Southeast Asia to northern Australia [16] . Their ability to build nest directly from leaves still attached on host trees enables them to survive on a large number of host plant species. In addition to feeding on sugar-rich plant exudates such as extrafloral nectar and honeydews, the highly aggressive major workers of O. smaragdina prey on a wide range of intruding arthropods including insect pests [17] . Their territorial behaviour has been exploited in biological control of many insect pests on tropical tree crops such as mango [18] , cocoa [19] and cashew [20] .
While its role as biological control agent continues to expand, the study about microbiota of O.
smaragdina is still limited.
By 16S rRNA gene amplicon sequencing, our previous study has shown that several operational taxonomic units (OTUs) of the family Acetobacteraceae were consistently detected in microbiota of O. smaragdina [21] . These OTUs were assigned to genus Neokomagataea and were categorized as core members of the O. smaragdina microbiome. In this study, we attempt to cultivate the Acetobacteraceae from O. smaragdina and report the taxonomic characterization of three novel strains using polyphasic approaches. In addition, we sequenced the genomes of the strains to elucidate their phylogenetic relationships and genome characteristics. Most interestingly, our findings revealed that the strains possess the smallest genomes (1.92-1.95 Mb) among Acetobacteraceae and a rare genome organization with the sole rrn operon located on a 6.5 kb plasmid rather than the chromosome.
Materials and methods

Ant sample collections, AAB isolation and cultivation
Major workers of O. smaragdina were caught in the field in June and July 2017 from 3 distantly separated locations in Petaling Jaya (Selangor, Malaysia). They were kept alive in sterile container and promptly transferred to laboratory in the University of Malaya (Kuala Lumpur, Malaysia). The ants were cold-anesthetized at 4°C for 5 min, surface sterilised with 70% v/v ethanol for 1 min and rinsed with sterile distilled water. The gasters of 5 ants were detached and homogenized in 500 µl 1× phosphate-buffered saline (PBS) (pH 7.4, 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4) with a sterile micro-pestle [22] .
Three different pre-enrichment media were used for isolation of AAB from the homogenates.
Enrichment medium A was composed of 2.0% (w/v) D-glucose, 0.5% (v/v) ethanol, 0.5% (w/v) peptone, 0.3% (w/v) yeast extract and 0.01% (w/v) cycloheximide in water, and pH of the medium was adjusted to pH 3.5 with hydrochloric acid (HCl) [5] . Enrichment medium B was composed of 2.0% (w/v) D-glucose, 0.5% (v/v) ethanol, 0.3% (v/v) acetic acid, 1.5% (w/v) peptone, 0.8% (w/v) yeast extract, 0.01% (w/v) cycloheximide in water, and adjusted to pH 3.5 with HCl [23] . Enrichment medium C was composed of 2.0% (w/v) D-sorbitol, 0.5% (w/v) peptone, 0.3% (w/v) yeast extract, and 0.01% (w/v) cycloheximide in water, and adjusted to pH 3.5 with HCl [24] . To avoid thermal decomposition due to autoclave-sterilization, D-glucose, D-sorbitol, ethanol, acetic acid and cycloheximide were first prepared in distilled water and filtered-sterilized by membrane-filter (pore size of 0.2μm) and added into autoclave-sterilized media cooled down to 50°C. Enrichment media inoculated with the homogenates were shaken at 220 r.p.m. and incubated at 28 °C for 7 days.
Enrichment media observed with microbial growth were then plated onto solid agar medium D containing 2.0% (w/v) D-glucose, 1.0% (v/v) glycerol, 0.5% (v/v) ethanol, 0.5% (w/v) peptone, 0.8% (w/v) yeast extract, 0.7% (w/v) calcium carbonate and 1.5% (w/v) agar in water [23] .
Inoculated agar plates were incubated aerobically at 28 °C for 7 days. Colonies of distinctive morphologies on the agar were selected and pure cultures of isolates were obtained. The isolates were routinely maintained on LMG medium 404 (5% (w/v) D-glucose; 1% (w/v) yeast extract and 1.5% (w/v) agar) and frozen glycerol stocks (with 20% (v/v) glycerol) were maintained in -80 °C. and Swingsia samuiensis NBRC 107927 T were acquired from NITE Biological Resource Center (NBRC). Identity of all type strains was confirmed by 16S rRNA gene analysis and frozen glycerol stocks were maintained in -80 °C.
Reference strains of closely related genera in family
Matrix-assisted Laser Desorption Ionization Time-of-Flight (MALDI-TOF) Mass Spectrometry (MS) and Main Spectrum Profile (MSP) analysis of bacterial isolates
Isolates were cultured on LMG medium 404 for 2 days at 28 °C before being used for analysis of MSP using MALDI-TOF MS. The cultures were subjected to ethanol-formic acid protein extraction according to the MALDI Biotyper protocol (Bruker Daltonics GmbH, Bremen, Germany).
Only 1 µl of supernatant generated was applied on wells of MSP 96 MALDI Target plate and dried at room temperature. The well was then flooded with 1 µl of HCCA (saturated α-cyano-4hydroxycinnamic acid in 50% acetonitrile -2.5% trifluoroacetic acid) matrix solution and let dried.
The plate was then subjected to Microflex MALDI-TOF bench-top mass spectrometer (Bruker Daltonik GmbH, Leipzig, Germany) analysis using FlexControl software version 3.3. The generated spectra of the isolates was analysed using Bruker MALDI Biotyper Real Time Classification (RTC) (Version 3.1) by comparison to the best match in the Bruker database. Identity of each isolate was evaluated and scored. Similarity scorings of these mass spectra were used for construction of a dendrogram using MALDI Biotyper MSP creation method (Bruker Daltonics, Bremen, Germany) which clustered closely related isolates and illustrated graphical distance values between them [25] .
DNA extraction
Genomic DNA (gDNA) extraction was performed using MasterPure DNA Purification Kit (EpiCenter, CA, USA) according to the manufacturer's protocol. Extracted gDNA was eluted in Elution Buffer. The quality and quantity of gDNA extracted were examined by NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific, MA, USA) and Qubit 2.0 fluorometer (Life Technologies, MA, USA), respectively.
Phylogenetic analysis
From the cluster analysis of MALDI-TOF, representative bacterial isolates from each cluster were selected for 16S rRNA gene sequence analysis. 16S rRNA genes of the isolates were amplified with primers 27F (5' -AGAGTTTGGATCMTGGCTCAG -3') and 1492R (5' -CGGTTACCTTGTTACGACTT -3') [26] . Amplicons were sent for commercial Sanger sequencing (Apical Scientific, Selangor, Malaysia). The assembled sequences were analysed by NCBI BLAST tool and EzBioCloud server (http://www.ezbiocloud.net/eztaxon) [27] for identification. Alignment of 16S rRNA gene sequences with phylogenetically nearest genera and species were performed using ClustalW. Phylogenetic trees were constructed in MEGA7 software [28] by neighbour-joining and maximum-likelihood methods. The robustness of tree topologies were estimated by bootstrap analysis (1000 replicates). The 16S rRNA gene sequences of strains Ha5 T (MG757796), Ta1 (MN540264) and Jb2 (MN540265) have been submitted to GenBank (http://www.ncbi.nlm.nih.gov).
Random Amplified Polymorphic DNA (RAPD) fingerprinting RAPD for genotypic differentiation of the bacterial isolates in MALDI-TOF cluster 2 was performed as described by Krzewinski et al. [29] using RAPD primers 270 (5' -TGCGCGCGGG - Amplification was carried out in a Veriti Thermal Cycler (Applied Biosystems) using the following conditions: (i) 1 cycle of 15 min at 95°C; (ii) 4 cycles of 5 min at 94°C, 5 min at 36°C, and 5 min at 72°C; and (iii) 30 cycles of 1 min at 94°C, 1 min at 36°C, and 1 min at 72°C, followed by (iv) a final extension step at 72°C for 10 min. RAPD amplicons were separated by 1% w/v agarose electrophoresis. RAPD fingerprints generated were compared in GelJ [30] and a cluster analysis using Unweighted Pair Group Method with Arithmetic mean (UPGMA) method was performed with similarity matrix calculated with the Pearson correlation.
Whole genome sequencing and genome analysis
Extracted gDNA of strain Ha5 T were prepared into barcoded and multiplexed 10kb SMRTbell libraries using SMRTbell Template Prep Kit 1.0-SPv3. Complete genomes of the strains were sequenced by single-molecule real-time sequencing (SMRT) in 1 Sequel SMRT Cell 1M v2 on the PacBio Sequel system (Pacific Biosciences, Menlo Park, CA). The generated subreads were assembled using Hierarchical Genome Assembly Process (HGAP) version 4 with optimized parameters [31] on SMRTLink version 5.1.0.26412. Overlapping regions at both ends of the assembled genomes were observed using Contiguity [32] . The genomes were assembled into circular contigs with complete closure using Minimus2 pipeline in the AMOS software package [33] .
The gDNA from strains Ta1 and Jb2 were constructed into sequencing library using the Supplementary Table S1 . 16S rRNA gene identification was performed on the genomes using Eztaxon server for accurate species identification [27] and genome completeness was checked with BUSCO v.3.0.2 [36] . ANI values between genomes were determined using Orthologous Average nucleotide identity Tool (OAT) [37] . In silico DDH was calculated using Genome-to-Genome Distance Calculator (GGDC 2.0) (http://ggdc.dsmz.de/distcalc2.php) with the BLAST+ method [38] and the results based on formula 2 were obtained for further analysis. AAI between the genomes was determined using CompareM (https://github.com/dparks1134/CompareM) [39] . POCP between the genomes was calculated as reported by Qin et al. [40] .
Phylogenomic analyses were performed on available genomes of family Acetobacteraceae members listed in Supplementary Table S1 by using panX for core-genome analysis [41] . Genomes with ambiguous 16S rRNA gene identity and BUSCO genome completeness lesser than 90% were excluded from analysis ( Supplementary Table S1 ). With panX [41] , the groups of homologous genes were identified by similarity search using DIAMOND and rRNA genes were compared by BLASTn, before creating clusters of putatively orthologous genes with Markov Clustering Algorithm (MCL).
The core genes were aligned using MAFFT 1.3.7. The best-fit substitution model for each nucleotide sequence of the core-genes were determined using ModelTest-NG. The whole-genome phylogeny was constructed using RAxML-NG, by applying CAT modelling rate heterogeneity, and the robustness of branching was estimated with 100 bootstrap replicates.
Physiological and biochemical characterization
Phenotypic analyses necessary for taxonomic descriptions of new taxa in family
Acetobacteraceae were performed on strains Ha5 T , Ta1, Jb2 and all acquired reference strains under similar conditions. All strains were observed under the Leica DM750 microscope (Leica Microsystems) after Gram-staining and cell morphology of strain Ha5 T cultured in LMG medium 404 broth for 24 hours was determined using scanning electron microscope (FEI Quanta FEG 650).
Catalase and oxidase activities were assayed using 3% (v/v) hydrogen peroxide and 1% (w/v) N, N, N', N'-Tetramethyl-1, 4-phenylenediamine (bioMérieux) respectively. Motility was determined on 0.4% semi-solid LMG medium 404 slant [10, 42] . The strains were tested for temperature range (4, 10, 15, 20, 25, 30, 35, 37 and 40 °C) for growth on LMG 404 agar medium for 14 days. Tolerance to sodium chloride (NaCl) was determined by growing the strains in LMG medium 404 containing different concentration of NaCl (0, 1, 1.5, 2 and 2.5% (w/v)) [11] .
Oxidations of lactate and acetate were tested in broth media containing 0.2% (w/v) yeast extract, 0.3% (w/v) peptone, either 0.2% (w/v) of sodium acetate or calcium lactate and 0.002% (w/v) bromothymol blue [43] . The production of 2-keto-D-gluconic acid and 5-keto-D-gluconic acid from D-glucose was detected using thin layer chromatography as described by Gosselé et al. [44] .
Production of water-soluble brown pigment was examined on GYC agar containing 2% (w/v) glucose, 2% (w/v) yeast extract, 2% (w/v) calcium carbonate and 2% (w/v) agar [45] . The production of acetic acid from ethanol was tested on agar medium containing 1% (w/v) yeast extract, 2% (w/v) calcium carbonate, 1% (v/v) ethanol and 1.5% (w/v) agar [45] . Strains were cultured in broth with 1% (w/v) yeast extract and 3% (v/v) glycerol for 7 days at 28 °C and production of dihydroxyacetone from glycerol was tested by addition of Benedict's solution [46] . Ability of the strains to utilize ammonium as the sole nitrogen source was tested using Frateur's modified Hoyer medium containing either 3% (w/v) D-glucose, D-mannitol or 3% (v/v) ethanol [47] .
Other biochemical tests included growth of strains in the presence of 30% (w/v) glucose and 1% (w/v) glucose (with modified LMG medium 404 broth), growth in the presence of 0.35% (v/v) acetic acid and in the presence of 1% (w/v) potassium nitrate (KNO3) (both in LMG medium 404), growth on 1% (w/v) glutamate agar [48] and growth on mannitol agar [43] . Acid production from Larabinose, D-arabinose, D-glucose, D-galactose, D-mannose, D-fructose, melibiose, sucrose, raffinose, maltose, methanol, D-mannitol, D-sorbitol, glycerol and ethanol was determined in broth medium containing 0.5% (w/v) yeast extract, 0.002% (w/v) bromocresol purple and 1% of the carbon sources [43] .
Respiratory quinones were analysed by the Identification Service of the DSMZ, Braunschweig, Germany using the two-stage method as described by Tindall [49, 50] . The whole-cell fatty acid methyl esters (FAME) composition was determined using an Agilent Technologies 6890N gas chromatograph (GC). The strains were cultivated on LMG medium 404 agar under aerobic conditions at 28 °C for 48 h following the exact conditions applied on family Acetobacteraceae as described by Li et al. [10] . Cultures were extracted for fatty acids according to the standard protocol of the Microbial Identification System (Sherlock version 6.1; MIDI). The peaks profiles obtained were identified using the TSBA50 identification library version 5.0 (MIDI). The qPCR was carried out in an Eco™ Real-Time PCR System (Illumina) using the following conditions: 1 cycle of initial denaturation for 10 min at 95 °C, followed by 45 cycles of 95 °C for 10 s, 60 °C for 10 s, and 72 °C for 15 s. A 10-fold serial dilution of the DNA fragments amplified by the above primers were included in qPCR reactions and used to construct the standard curves. The copy number of plasmid was calculated by dividing its copy number of rrs by the copy number of chromosomal rpsB [52] .
Plasmid and rrn operon analysis
Results and discussion
Bacterial isolation, DNA fingerprinting and cluster analysis All isolates obtained were listed in Supplementary Table S2 . Only enrichment media A and B were turbid with microbial growth but not enrichment medium C with D-sorbitol as the main carbon source. The purified isolates were subjected to MALDI-TOF analysis and the spectra generated were grouped into two distantly related MALDI-TOF MS clusters in dendrogram created with MALDI Biotyper MSP ( Supplementary Fig. S1 and Supplementary Table S2 ). The isolates in MALDI-TOF RAPD analysis using primers 270 and 272 revealed highly similar DNA fingerprints among isolates from the same ant sample. Based on the cluster analysis using UPGMA method, isolates from same ant sample were clustered in the same clade, suggesting that these isolates represent a single strain ( Supplementary Fig. S2 ). Different DNA fingerprints were obtained for isolates from different ant samples which formed separated clades in RAPD analysis. Strain Jb2 was the only isolate of the ant sample that belonged to MALDI-TOF cluster 2 and formed individual clade in cluster analysis.
Strains Ha5 T , Ta1 and Jb2 were chosen as the representative strain from each cluster for further analysis.
Genome characteristics and gene annotation of the novel strains
Genomes of all novel strains were sequenced and deposited in GenBank (accession numbers in Supplementary Table S1 ). Complete genome sequencing of strain Ha5 T yielded a 1.95 Mb genome which consisted of a main circular chromosome of 1,938,936 bp (CP038143) and a much smaller replicon of 6,593 bp (CP038144) designated as pHa5 (Table 1) . On the other hand, the total combined contig sizes of strains Ta1 and Jb2 genomes were 1.92 Mb and 1.94 Mb, respectively, based on their draft genome sequences ( Supplementary Table S3 and S4). Interestingly, a small circular replicon of 6,591 bp that was highly similar to pHa5 of strain Ha5 T was identified in both the genomes of strains Ta1 and Jb2 and they were designated as pTa1 (CM017016) and pJb2 (CM017012) ( Supplementary   Table S3 and S4) respectively.
The genome size of the novel strains were the smallest (1.92-1.95 Mb) among the compared genera with available genomes ( Table 2 , Supplementary Table S1 ). We believe that the small genome size is a result of genome reduction after participating in long term symbiotic relationship with the host ant species, O. smaragdina. Similar phenomenon of genome reduction had been reported in gut associated Acetobacteraceae of red carpenter ant [14] and Asaia endosymbionts of mosquitoes [15] .
The genome of B. intestini DSM 28636 T isolated from bee gut is slightly larger (2.02 Mb) than the novel strains but has the lowest number of genes and protein coding genes in the family. We believe that this is due to gaps in its draft genome. Overall, strains Ha5 T , Ta1, Jb2 and B. intestini DSM 28636 T that were isolated from insects had the lowest number of genes as well as protein coding genes. The genomic DNA G + C contents of the novel strains were determined from their genome sequences and are in the range 61.56-61.65 mol% ( Table 2 , Supplementary Table S1 ).
To our surprise, no ribosomal RNA sequences was detected in the main chromosome of strain Ha5 T during assembly and annotation. Instead, further analysis revealed the presence of only one complete rrn operon in its genome which was located on the smaller replicon pHa5 ( Table 1 ). The complete rrn operon consisted of genes for 16S rRNA, two genes coding for tRNA Ile and tRNA Ala , 23S and 5S rRNA, and a final tRNA Met (Fig. 1 ). Similar rrn operon in the same gene order was observed on the small replicons in genomes of strains Ta1 and Jb2 during their draft genomes assembly and annotation. Upstream of the complete rrn operon was a replication initiation protein, RepE and a hypothetical protein located at the other end was observed ( Fig. 1 ). Intriguingly, all the mentioned genes were compactly arranged on a 6.5 kb circular replicon with 99% sequence similarity in all three novel strains, indicating that the replicon is highly conserved among the strains.
From Southern hybridization analysis using biotinylated 16S rRNA amplicon as probe, a single band slightly larger than 6-kb was detected from EcoRV-digested gDNA of all three novel strains ( Supplementary Fig. S3 ). The result proved the existence of 16S rRNA gene on a single locus and thus, the localization of rrn operon on a 6.5-kb circular replicon in the genomes of the novel strains ( Supplementary Fig. S3 ). In addition to their small size, replicons pHa5, pTa1 and pJb2 were all having lower G + C contents (48.52-48.79 mol%) compared to the chromosomal DNA (Table 1 , Supplementary Table S3 and S4). Moreover, the copy number of replicon pHa5 was determined to range from 15 to 25 per chromosome equivalent in a qPCR analysis ( Supplementary Table S5 ). As these small replicons in the novel strains possessed the characteristics resembling a plasmid, we thus omitted the possibility that they were second chromosomes.
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The localization of rrn operon on plasmid was first seen in Bacillus megatarium QM B1551 [53] and genus Paracoccus [54] . However, the mentioned bacteria have additional rrn operon on their chromosomes unlike Ha5 T , Ta1 and Jb2 that have their sole rrn operon on plasmid. To date, similar phenomenon had only been observed in the bacterial genus Aureimonas sp. associated with plants [51] . The group of Aureimonas sp. strains representing a close phylogenetic clade was reported with their main chromosomes lacking of rrn operon and the sole rrn operon in their genomes was located on small replicons (sizes ranged from 9.3-9.9 kb) designated as rrn-plasmids. The rrn-plasmids in Ha5 T , Ta1 and Jb2 have a smaller size (6.5 kb) than the mentioned Aureimonas sp. group and carried lesser number of genes. Nonetheless, these rrn-plasmids possessed all the characteristics similar to that of the Aureimonas sp. group including smaller size than main chromosomes, lower G + C contents, high copy number and lack of partitioning genes.
In the same Southern hybridization analysis, multiple bands were detected in the other closely related type strains including B. intestini DSM 28636 T that was detected with only a single copy of rrn operon in its draft genome (JATM00000000) ( Supplementary Fig. S3 ). The result proved the presence of multiple 16S rRNA genes on more than one locus in their genomes and suggested that these type strains did not possess genome organization similar to the novel strains. As compared to the other bacteria, the possession of rrn-plasmid in high copy number and thus, more rrn operon copies in strains Ha5 T , Ta1 and Jb2 could be beneficial. A cell requires optimum number of rrn operon to meet the demand for ribosomes in protein synthesis and to support the growth rate of the cell [55] .
Escherichia coli that is devoid of two out of seven rrn operons has showed decreased growth rate and fitness [55] . Hence, higher rrn operon copies in strains Ha5 T , Ta1 and Jb2 are essential for protein synthesis and rapid growth rate of the bacteria.
Besides, the number of rrn operons in bacteria does not correlate with the whole genome sizes but play essential functions in adaptation of bacterial hosts to resource availability. Study on soil bacteria that required less time to form colonies on high nutrient medium were discovered with higher number of rrn operons (about 5.5 copies) as compared to slow-growing bacteria (about 1.4 copies) [56] . Bradyrhizobium diazoefficiens [57] In addition, genes involved in biosynthesis of biosynthetic genes for all non-essential amino acids and multiple essential amino acids (except for isoleucine, leucine and valine) were identified in the genomes of strains Ha5 T , Ta1 and Jb2. It is suggested the strains supply amino acids to the ant host that relies mostly on plant sap and honeydew which constitute an unbalanced diet lacking of amino acids [17] . However, the omnivorous O. smaragdina also prey on intruding insects which could be the source of nitrogen [18] . The lacking of biosynthetic genes in the strains may imply a less important role in supplying essential amino acids to the host. Nonetheless, bacterial symbionts are recognized for biosynthesis and supply of amino acids to their insect hosts. Notably, the endosymbiont Blochmannia sp. in ants of the genus Camponotus retains biosynthetic genes for amino acids including tyrosine even with a strongly reduced genome [12] . Overall, biosynthetic genes in the Table S6 ). The strains shared highest 16S rRNA gene sequence similarities with two members of the genus Neokomagataea, N. tanensis NBRC 106556 T (94.56-94.63%) and N. thailandica NBRC 106555 T (94.03-94.10%) and B. intestini DSM 28636 T (94.09-94.16%). However, the three strains formed a cluster phylogenetically apart from genus Neokomagataea in phylogenetic trees calculated with ML and NJ methods. Instead, both phylogenetic trees grouped the novel strains in a distinct clade which was closer to a separated clade that included S. floricola DSM 15669 T and two members of Bombella, before placing the mentioned taxa in a larger clade that included genera Neokomagataea and Swingsia samuiensis NBRC 107927 T ( Fig. 2 and Supplementary Fig. S4 ). In short, strains Ha5 T , Ta1 and Jb2 formed a distinct lineage in the 16S rRNA gene phylogenetic analysis of family Acetobacteraceae which suggests that they should be differentiated as a new genus.
Although 16S rRNA gene remains the widely used molecular marker in taxonomic and phylogenetic study, the approach omits the overall genetic differences especially among closely related species. Among Acetobacteraceae members, Acetobacter is known for having highly similar 16S rRNA gene sequences and requires other methods such as multilocus sequence typing (MLSA) for differentiation [59] . To obtain a robust construction of phylogeny among this family, we therefore decided to elucidate the phylogenetic relationship of strains Ha5 T , Ta1, Jb2 and family Acetobacteraceae members through phylogenomic analysis. A total of 75 whole genome sequences of strains acquired from this study or from GenBank ( Supplementary Table S1 ) was included for phylogenomic analysis using panX. Genomes without 16S rRNA gene, ambiguous 16S rRNA gene identity and BUSCO genome completeness lower than 90% were excluded from analysis.
The phylogenomic analysis revealed the existence of 96 orthologous gene clusters which were identified as the core genes from all genomes included in this study. The ML phylogenetic tree based on these concatenated genes showed placement of all genera in family Acetobacteraceae on distinctive phylogenetic lineages ( Fig. 3 ). Similar to phylogenetic trees based on 16S rRNA gene sequences, strains Ha5 T , Ta1 and Jb2 formed a distinct cluster in the phylogenomic tree and were placed in the same clade with S. floricola DSM 15669 T and B. intestini DSM 28636 T . These analyses showed that all nodes were supported by bootstrap values greater than 50 which indicated confident robustness of the result. The phylogenomic tree corroborated the phylogenetic distinction of the three novel strains from all members of the family Acetobacteraceae and indicated that they should be classified as a novel genus in the family.
In addition, the observation was confirmed through ANI, in silico DDH and AAI calculations.
Strains Ha5 T , Ta1 and Jb2 shared ANI values in the range of 97.50-97.69% ( Supplementary Fig. S5 ), in silico DDH values from 77.4% to 79.3% ( Supplementary Fig. S6 ), and AAI values in the range of 97.93-98.08% (Fig. 4) . These values are higher than the cut-off values (95-96% for ANI; >70% for in silico DDH; >95% for AAI) proposed for species boundary and thus showed that these strains belonged to the same species [39, 60] . Furthermore, the ANI, in silico DDH and AAI values between the novel strains and other members of family Acetobacteraceae were far below the proposed cut-off values for species delineation (70.67% for ANI; 37.1% for in silico DDH; 66.01% for AAI) ( Supplementary Fig. S5 , S6, Fig. 4 ). It is also noteworthy that the 66.01% pairwise AAI values between strains Ha5 T , Ta1, Jb2 and type members of family Acetobacteraceae were within the reported range of genus-level pairwise AAI difference (65% to 72% AAI values) [39] . Through these indices, it was substantiated that strains Ha5 T , Ta1, Jb2 did not belong to any of the current species in family Acetobacteraceae and should be delineated as a single species within a distinct genus in the family. Overall, these findings enhanced the robustness of the phylogeny of strains Ha5 T , Ta1 and Jb2 and further supported that the strains represent a novel genus of the family Acetobacteraceae.
On the other hand, we had looked into POCP that was suggested as an alternative prokaryotic genus delineation index recently [40] . Based on the proposed formula for POCP calculation, strains Ha5 T , Ta1 and Jb2 shared high POCP values in the range of 97.24-97.61%. However, the novel strains also shared higher than 50% POCP values with many type members of family Acetobacteraceae, including Bombella, Neokomagataea, Swingsia, Saccharibacter, Gluconobacter, Acetobacter and Asaia ( Supplementary Fig. S7 ). The high POCP values could be attributed to the low number of protein coding genes in the novel strains compared to the other genera. With reference to the suggested cut-off threshold, two strains with a POCP value of higher than 50% between them can be defined as species grouped in a prokaryotic genus [40] . The result contradicted with ANI, in silico DDH and AAI that proved strains Ha5 T , Ta1 and Jb2 did not belong to any of the existing genera of family Acetobacteraceae. Besides, the suggested cut-off threshold did not apply to many of the other existing genera of family Acetobacteraceae too as POCP values higher than 50% had been observed between members of multiple genera ( Supplementary Fig. S7 ). Our findings showed that POCP may not be reliable for genus-level delineation of family Acetobacteraceae. Phenotypic and physiological tests performed on strains Ha5 T , Ta1 and Jb2 showed similar results and their physiological differentiation with all reference strains are listed in Table 2 . Similar to the closest members in family Acetobacteraceae, strains Ha5 T , Ta1 and Jb2 were tested negative for oxidase activity but positive for catalase activity. They did not carry out oxidation of lactate and acetate. Strains Ha5 T , Ta1 and Jb2 showed glucose requirement for growth and were able to grow in media with 1% and 30% (w/v) glucose ( Table 2) . While growth was observed in temperature from 15 to 37 °C, optimum growth occurred aerobically at 28-30 °C. No growth occurred at 10 °C and 40 °C.
All three strains showed growth in medium containing NaCl up to 1.5% (w/v) but optimum growth occurred at 0%. The inability to produce acid from D-sorbitol was consistent with absence of growth in enrichment C that contained D-sorbitol as the main carbon source. Phenotypic features that differentiate strain Ha5 T and closest members of family Acetobacteraceae included the production of 5-keto-D-gluconate from D-glucose, production of water soluble brown pigment, production of dihydroxyacetone from glycerol, growth in the presence of 0.35% v/v acetic acid, growth in the presence of 1% KNO3 (w/v) and acid production from various carbon sources ( Table 2) .
Analysis of respiratory quinones revealed ubiquinone-10 (Q-10) as the major ubiquinone in strain Ha5 T . This is consistent with all members of family Acetobacteraceae except genus Acetobacter that is having ubiquinone-9 (Q-9) as the major ubiquinone [61, 62] . The major cellular fatty acid profile of the Ha5 T contained C18:1 ω7c (36.11%), C16:0 (22.31%) and C19:0 ω8c cyclo (18.43%) which accounted for 76.85% of the total fatty acids ( Table 3 ). Strain Ha5 T has similar overall major fatty acid profile to those of strains Ta1 and Jb2 except differences in respective proportions of some fatty acid components (Table 3) . Strain Ha5 T and all reference strains have C18:1 ω7c and C16:0 as the major fatty acids and differences are observed mostly with the low abundance fatty acids (Table 3) .
Conclusions
With reference to the results from phenotypic and chemotaxonomic characterization, Currently, these strains possess the smallest genome sizes in family Acetobacteraceae that could be attributed to genome reduction. A rare genome organization with the sole rrn operon in the genome located on a plasmid is observed in all three strains. As one of the few family Acetobacteraceae members that are associated with insects, the ecological role of strains Ha5 T , Ta1 and Jb2 in the host weaver ant O. smaragdina clearly deserves further study. Descriptions of Oecophyllibacter gen. nov. and Oecophyllibacter saccharovorans sp. nov. are given in Table 4 . [10] . All strains were cultivated on LMG medium 404 agar under aerobic conditions at 28 °C for 48 h for the analysis. The values are shown in percentage of the total fatty acids. -, not detected a Summed features are groups of two or more fatty acids that cannot be separated by GLC with MIDI system. Summed feature 2 contains C12:0 aldehyde, C14:0 3-OH and/or iso-C16:1. Summed feature 3 contains C16:1 ω7c and/or iso-C15:0 2-OH. Gluconobacter [8] Acetobacter [20] Commensalibacter intestini KCTC 22117 T (AGFR01000021.1)
Kozakia baliensis NBRC 16664 T (CP014674.1)
Neoasaia chiangmaiensis NBRC 101099 T (CP014691.1)
Swaminathania salitolerans LMG 21291 T (AF459454)
Asaia [4] Ameyamaea chiangmaiensis NBRC 103196 T (AB303366)
Tanticharoenia sakaeratensis NBRC 103193 T (BALE01000067.1)
Acidomonas methanolica ATCC 43581 T (BAND01000318.1)
Nguyenibacter vanlangensis NBRC 109046 T (AB739062)
Gluconacetobacter diazotrophicus ATCC 49037 T (CP001189.1)
Gluconacetobacter liquefaciens DSM 5603 T (QQAW01000024.1)
Komagataeibacter [14] Endobacter medicaginis LMG 26838 T (JQ436923)
Granulibacter bethesdensis DSM 17861 T (CP000394.2)
Acidocella aminolytica DSM 11237 T (FQVJ00000000.1)
Acidocella facilis ATCC 35904 T (D30774)
Acidiphilium [4] Craurococcus roseus JCM 9933 T (D85828)
Caldovatus sediminis KCTC 52714 T (MF446885)
Crenalkalicoccus roseus KACC 17825 T (SJDM01000005.1)
Roseicella frigidaeris KACC 19791 T (MH547445)
Paracraurococcus ruber JCM 9931 T (SMOA01000345.1)
Siccirubricoccus deserti KCTC 62088 T (KY882041)
Dankookia rubra KACC 18533 T (SMSJ01000182.1)
Belnapia rosea CPCC 100156 T (FMZX00000000.1)
Belnapia moabensis DSM 16746 T (AJ871428)
Roseomonas [7] Humitalea rosea LMG 26243 T (QKYU01000056.1) Fig. 5 
Rubritepida flocculans DSM 14296 T (AF465832)
Sediminicoccus rosea NBRC 109675 T (JX294477)
Roseococcus thiosulfatophilus DSM 8511 T (X72908)
Rhodovarius lipocyclicus CIP 108310 T (AJ633644)
